Mature phenotype data -Dvd1 was backcrossed seven times into both the B73 and Mo17 inbred lines before phenotypic analysis. Data were collected from fi eld-grown plants at maturity (10 -12 wk). Tassel branches were counted in two families from both B73 ( N = 76) and Mo17 ( N = 110) genetic backgrounds. Five individuals from each genetic class (normal, heterozygous mutant, and homozygous mutant) were also used to quantify infl orescence phenotypes before anthesis. For each individual, all spikelets from the branches and main spike were counted and scored as single, paired, or triple. The spikelets were then dissected to count the fl orets and stamens. Visible ears were counted on all individuals from two B73 families ( N = 97) and two Mo17 families ( N = 58). Kernels were counted on mature open-pollinated ears from two Mo17 families ( N = 16).
Plant height, from the ground to the tip of the tassel, was measured at maturity for two B73 families ( N = 97). Leaves were counted every few weeks beginning soon after germination so that senesced leaves would be included in the total leaf count ( N = 85). For internode length quantifi cation, 10 individuals from each genetic class were collected, leaves were removed, and the lengths of the internodes from the base of one node to the base of the next node were measured and recorded by position.
SEM and histology -Developing tassels from 5-to 6-wk-old greenhousegrown plants were dissected from segregating families and immediately fi xed in FAA (3.7% formalin, 50% ethanol, 5% glacial acetic acid). Samples were kept in fi xative at 4 ° C overnight then dehydrated through an ethanol series. Basal internodes below the tassel were also obtained from these plants and cut into approximately 0.5 -1.0 cm pieces before being fi xed and dehydrated in the same manner.
For SEM, samples stored in 100% ethanol were critical point dried, sputter coated, and mounted as described previously . Samples were viewed and photographed using a JSM 5400 scanning electron microscope (JEOL, Peabody, Massachusetts, USA) at an accelerating voltage of 10 -20 keV.
For histology, samples in 100% ethanol were embedded into wax, sectioned, mounted on slides, de-waxed, and stained with toluidine blue O as previously described ( Barazesh and McSteen, 2008 ) . Images were obtained on a Nikon Eclipse 80i upright microscope under bright fi eld conditions with a DXM1200F digital camera (Nikon, Melville, New York, USA). Internode cell size was determined by measuring the length and width of 10 cells per section of fi ve internode sections of each genetic class. Double mutant analyses -Double mutant families were grown to maturity (10 -12 wk) in two summer fi eld seasons. Data presented here are representative of one fi eld season.
Dvd1; tb1 -Double mutant families were generated using the tb1 -ref allele ( Doebley et al., 1997 ) in the B73 genetic background. Segregating F 2 families were planted in two separate fi eld locations and grown to maturity ( N = 209 and 172) . Genotyping for tb1 was performed as previously described ( Hubbard et al., 2002 ) . Visible primary and secondary tillers were counted at maturity ( N = 49).
Dvd1; bif2 -Double mutant families were generated using the bif2-77 allele in the B73 genetic background . Four segregating F 2 families were planted ( N = 205). Individuals were genotyped for bif2 as previously described ( Skirpan et al., 2008 ) . Plant height ( N = 200) was measured and leaves ( N = 199) were counted as described for Dvd1 single mutants. Tassels were collected to count spikelets and bract leaves ( N = 54).
Statistical analysis -Students t tests were performed using the program Minitab v.15 (State College, PA, USA) and 95% confi dence intervals. In all graphs, bars represent the mean of each data set and error bars represent the standard error of the mean.
RESULTS
Dvd1 maps to chromosome 5 -Dvd1 was previously mapped to the short arm of chromosome 5 with simple sequence repeat (SSR) markers ( Kaplinsky, 2002 ) . We fi ne mapped Dvd1 using additional public molecular genetic markers and narrowed the region to two BAC contigs between umc1870 (0.38 cM) and ( Barazesh and McSteen, 2008 ; Gallavotti et al., 2008b ) . The spi1 gene encodes a YUCCA -like fl avin monooxygenase involved in auxin biosynthesis ( Gallavotti et al., 2008a ) , and ba1 encodes a bHLH transcription factor that functions in axillary meristem initiation ( Gallavotti et al., 2004 ) . Although the relationship of ba1 with auxin transport is debated Gallavotti et al., 2008b ) , biochemical, cellular, and genetic evidence suggests that BA1 is a target of BIF2 ( Skirpan et al., 2008 ) .
In addition, the barren mutants have defects in vegetative development. For example, bif2 , ba1 , and spi1 produce fewer tillers in double mutant combination with tb1 , indicating that they also function in vegetative axillary meristems ( Ritter et al., 2002 ; McSteen et al., 2007 ; Gallavotti et al., 2008a ) . In addition, Bif1 , bif2 , and spi1 mutants are slightly shorter than normal due to the production of fewer leaves Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ) . Double mutant combinations of either Bif1 or spi1 with bif2 have synergistic effects that result in dwarfed plants, illustrating the redundant roles of Bif1 , bif2 , and spi1 in vegetative development ( Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ) .
Our understanding of how axillary meristems develop has been greatly enhanced by characterizing the barren class of mutants. Here, we introduce a new member of this class of mutants, Developmental disaster 1 ( Dvd1 ), so named because of the pleiotropic defects in plant development caused by the mutation. Dvd1 mutants have defects in axillary meristem formation during vegetative and reproductive development similar to the barren mutants, with the exception that bract leaves grow out in the infl orescence. In addition, unlike the barren mutants, the semidwarf stature of Dvd1 mutants is due to the production of shorter internodes rather than fewer leaves. The suite of defects in Dvd1 mutants together with the interaction of Dvd1 with bif2 suggest that we have identifi ed a novel regulator of axillary meristem, internode, and bract leaf development. Moreover, the Dvd1 phenotype suggests that these three aspects of phytomer development are coordinately regulated in the control of plant morphology.
MATERIALS AND METHODS
Dvd1 origin and mapping -The Dvd1 mutant of maize ( Zea mays ) was previously identifi ed as a semidominant reversed germ orientation ( rgo ) mutant in a screen of the Mutator Maize-Targeted Mutagenesis (MTM) population ( Kaplinsky, 2002 ; May et al., 2003 ) . The mutation was provisionally mapped to the short arm of chromosome 5 by the Maize Mapping Project (http://www .maizemap.org) with simple sequence repeat (SSR) primers ( Kaplinsky, 2002 ) . To more accurately map Dvd1 , we constructed new mapping populations and identifi ed other SSR markers from the Maize Genetics and Genomics Database (MaizeGDB; http://www.maizegdb.org) ( Lawrence et al., 2005 ) and from BAC contigs in the region (http://www.maizesequence.org and http://www.genome. arizona.edu/fpc) ( Coe et al., 2002 ) . Additional insertion deletion polymorphism (IDP) markers in the region were identifi ed from the MAGI database (http:// magi.plantgenomics.iastate.edu/) ( Emrich et al., 2004 ) . For the fi rst mapping population, Dvd1 was backcrossed into the inbred line Mo17 six times, crossed to a divergent inbred line, B73, and then backcrossed to B73. Plants were grown in the fi eld in Rocksprings, PA during the summer, leaf tissue was collected for mapping when the plants were a few weeks old, and the plants were scored for phenotype at maturity. Mapping with this population revealed that Dvd1 resides between markers umc1870 (3/791 recombinants) and umc1591 (41/1335 recombinants). However, the region around Dvd1 was not polymorphic, indicating that Dvd1 possibly arose in the B73 background. Hence, Dvd1 introgressed into Mo17 (eight times) was used as a second mapping population that allowed us to map Dvd1 to between idp3995 (9/1039 recombinants) and bnlg1902 (22/963 recombinants) on chromosome 5 bin 3. in both B73 ( Fig. 2A , t = 17.40, df = 21, P < 0.001 and t = 17.40, df = 21, P < 0.001) and Mo17 backgrounds ( Fig. 2B , t = 5.49, df = 84, P < 0.001 and t = 10.14, df = 42, P < 0.001). Because the tassel phenotype of Dvd1 mutants was more severe in B73, subsequent analysis was carried out using this genetic background. Total spikelet number was signifi cantly reduced in both Dvd1/+ and Dvd1/Dvd1 mutant tassels ( Fig. 2E , t = 14.84, df = 4, P < 0.001 and t = 18.16, df = 4, P < 0.001). In normal plants, spikelets form in pairs. However, in Dvd1/+ mutants some spikelets formed singly and in triplets, while all the spikelets produced on Dvd1/Dvd1 mutant tassels formed singly ( Fig. 2F ). Defects were also seen within spikelets: fewer fl orets per spikelet were produced in Dvd1/Dvd1 mutants although the reduction was not statistically signifi cantly different from normal ( Fig. 2G , t = 2.47, df = 4, P = 0.069). Furthermore, Dvd1/Dvd1 mutants had a signifi cant reduction in the number of stamens per fl oret compared to normal ( Fig. 2H , t = 5.14, df = 4, P = 0.007). In addition, bract leaves that would otherwise be suppressed from growing out in normal individuals developed in Dvd1 mutant tassels ( Fig. 1C ). There was a signifi cant increase in the number of visible bract leaves in Dvd1/+ and Dvd1/Dvd1 mutants compared to zero in normal plants ( Fig. 2I , t = − 2.36, df = 4, P = 0.078 and t = − 10.49, df = 4, P < 0.001). The failure bnlg1902 (2.28 cM) in bin 5.03. No mutants with similar phenotypes have been mapped in this region, indicating that Dvd1 is a novel mutant. To analyze the effects of the mutation, we backcrossed Dvd1 into two different inbred lines: B73 and Mo17. Analysis of the segregation ratio showed that Dvd1 is a semidominant mutation with homozygous Dvd1/Dvd1 individuals having a more severe phenotype than heterozygous Dvd1/+ mutants ( Fig. 1 ).
Dvd1 mutants have defects in infl orescence development -Normal tassels produce a main spike with several long branches at the base ( Fig. 1A, D ) . Both the branches and main spike are covered by short branches called spikelet pairs, which contain the fl orets. The mature tassel phenotype of Dvd1 mutants was sparse compared to normal siblings ( Fig. 1A, D ) . In B73, Dvd1/+ tassels produced no branches and a reduced number of spikelets, while Dvd1/Dvd1 mutants were even more severe, producing very few functional spikelets ( Fig. 1A ) . In Mo17, Dvd1 mutants also produced fewer branches and spikelets in the tassel, but the phenotype was less severe than in B73 ( Fig. 1D ).
Statistical analysis confi rmed a signifi cant reduction in tassel branch number in Dvd1 heterozygous and homozygous mutants 
-DVD1 mutant in maize
Dvd1 mutants also had defects in the development of the ear, which arises from an axillary meristem a few nodes below the tassel. In B73, Dvd1/+ ears were morphologically unaffected, but ear number was signifi cantly reduced, while Dvd1/Dvd1 mutants failed to produce any ears ( Figs. 1B, 2C , t = 4.03, df = 80, P < 0.001 and t = 19.98, df = 29, P < 0.001). Because Dvd1/ Dvd1 mutants occasionally produced an ear in the Mo17 genetic background ( Fig. 2D ) , ear phenotypes were analyzed using this background. Normal maize ears typically produce regular rows of kernels as a result of the initiation of paired spikelets, which each produce a single fl oret (the lower fl oret aborts) ( Kiesselbach, 1949 ; Cheng et al., 1983 ) . In Mo17, however, Dvd1 heterozygous ears had irregular kernel rows ( Fig. 1E ) , reduced size (70% of normal length) and reversed germ orientation (rgo) ( Fig. 1F , asterisk) . The number of kernels in Dvd1/+ mutants was also signifi cantly reduced compared to normal ( Fig. 2J , t = 4.50, df = 12, P = 0.001). In homozygous Dvd1 mutants, ears that were occasionally produced were small and had very few kernels ( Figs. 1E, 2J ). Bract leaf outgrowth was also visible in the ear (arrow in Fig. 1F ). Hence, Dvd1 tassels and ears had similar defects in bract leaf and axillary meristem development although the infl orescence defects were more severe in B73 than in Mo17.
Dvd1 mutants have defects in axillary meristem formation during infl orescence development -To investigate whether the reduced number of branches and spikelets in Dvd1 mutants was due to defective BM and SPM formation, we performed scanning electron microscopy (SEM) on tassel infl orescences from the B73 background at various stages of development. Early in development, normal infl orescences developed lateral branches at the base of the main spike and the fl anks of both the branches and main spike were covered by SPMs (visible as bumps) in regular rows ( Fig. 3A ) . Both Dvd1/+ and Dvd1/ Dvd1 infl orescences at similar developmental stages had no evidence of BM initiation ( Fig. 3B, C ) . SPM formation was observed in Dvd1/+ mutants, although there were patches without SPMs ( Fig. 3B ) . In Dvd1/Dvd1 mutants, SPMs often failed to initiate ( Fig. 3C ) . Bract primordia were visible in regular phyllotaxy in Dvd1/Dvd1 mutants ( Fig. 3C ) but were hidden by SPMs in normal infl orescences. Furthermore, unlike normal, bract leaves continued to grow out in Dvd1/Dvd1 mutants ( Fig. 3C ) .
In normal infl orescences, most SPMs gave rise to two SMs ( Fig. 3D ) . Dvd1/+ infl orescences at the same stage failed to initiate some SMs, leading to the production of single spikelets ( Fig. 3E ) . Dvd1/Dvd1 infl orescences mainly produced single SMs ( Fig. 3F ). In addition, in Dvd1/+ and Dvd1/Dvd1 , some SPMs aborted after initiation ( Fig. 3E, G, H ) . The outgrowth of bract leaves was also observed, especially in Dvd1/Dvd1 mutants ( Fig. 3F -H ) . Bract leaves occasionally subtended developing spikelets ( Fig. 3G ) , while other bract leaves were solitary ( Fig. 3C, H ) . Later in development, bract leaves continued to grow in Dvd1 mutants ( Fig. 3H ) . Normal tassels typically develop an upper and a lower FM in each spikelet later in development (not shown). Although some FMs appeared to develop normally in Dvd1/+ mutants, abnormalities in the production of fl oral organs were seen in other FMs ( Fig. 3I ) .
In summary, similar to the barren mutants, Dvd1 mutants have defects in the initiation and outgrowth of all axillary meristems produced during infl orescence development. However, distinct from the barren mutants, Dvd1 mutants have abnormal outgrowth of bract leaves.
of Dvd1 mutants to produce the normal number of tassel branches, spikelets, fl orets, and fl oral organs suggests that either the initiation or maintenance of all types of axillary meristems is defective in Dvd1 infl orescences. normal ( Fig. 5B ; Appendix S1, see Supplemental Data with online version of this article) and was signifi cantly reduced in half of the internodes in Dvd1/+ individuals compared to normal ( Fig. 5B ; online Appendix S1). Thus, the reduction of plant height in Dvd1 mutants is due to defects in internode length.
To establish whether the observed reduction in internode length of Dvd1 mutants was due to differences in cell elongation, we sectioned developing internodes and stained with toluidine blue. Normal internodes developed regular cell fi les in longitudinal section ( Fig. 6A ) . Surprisingly, Dvd1/+ mutants had larger cells, and Dvd1/Dvd1 mutants had very irregular cells with both larger and smaller cells than normal ( Fig. 6B,  C ) . Measurements of these cells showed that the cells in Dvd1 mutants were indeed signifi cantly longer than normal ( Fig. 6D , t = − 4.93, df = 72, P < 0.001 and t = − 4.87, df = 80, P < 0.001) and signifi cantly wider than normal ( Fig. 6E , t = − 14.0, df = 94, P < 0.001 and t = − 9.6, df = 74, P < 0.001). Because cells in Dvd1 internodes are larger than normal, we infer that the reduction in internode length is due to reduced cell proliferation.
Dvd1 mutants have defects in axillary meristem formation during vegetative development -Dvd1 mutants have defects in all types of axillary meristems during infl orescence development. To determine if Dvd1 functioned in axillary meristem formation during vegetative development, we constructed double mutants with teosinte branched1 ( tb1 ). Outgrowth of tillers from vegetative axillary meristems in maize is normally suppressed by tb1 , so tb1 mutants have a highly branched (tillered) Dvd1 mutants have defects in vegetative development -In addition to defects in infl orescence development, Dvd1 mutants also had defects during vegetative development; they were semidwarf. In both B73 and Mo17 inbred lines, Dvd1 mutant plants were markedly shorter than their normal siblings, with homozygous mutants having an even more severe height reduction than heterozygotes (B73 shown in Fig. 4A ). Quantifi cation of mature plant height in B73 showed that Dvd1/Dvd1 mutants were less than half the height of normal siblings and confi rmed that there was a statistically signifi cant reduction in plant height in both Dvd1/+ and Dvd1/Dvd1 compared to normal ( Fig. 4B , t = 5.24, df = 35, P < 0.001 and t = 9.46, df = 25, P < 0.001).
To determine if the signifi cant reduction in plant height of Dvd1 mutants was due to the production of fewer phytomers, we counted the leaves. Interestingly, the number of leaves did not differ signifi cantly in either heterozygous or homozygous Dvd1 mutants compared to their normal siblings ( Fig. 4C , t = − 1.07, df = 39, P = 0.291 and t = 1.21, df = 7, P = 0.266). Thus, reduced plant height in Dvd1 mutants is not the result of fewer phytomers.
Because leaf number was not affected in Dvd1 mutants, the defect in plant height was further investigated by analyzing the internodes. Leaves were removed from individuals at maturity, which revealed that the internodes from heterozygous and homozygous mutants were shorter and much more variable in length compared to those of normal individuals ( Fig. 5A ) . Mature internode length differed signifi cantly at all (except one) internodes measured for Dvd1/Dvd1 individuals compared to ( Fig. 8C , t = 11.98, df = 11, P < 0.001). Furthermore, there was no enhancement of vegetative phenotypes as Dvd1/Dvd1; bif2/bif2 double mutants were the same height as Dvd1/Dvd1 ( Fig. 8D , t = − 0.76, df = 3, P = 0.5) and had the same number of leaves as bif2 ( Fig. 8E , t = − 0.26, df = 3, P = 0.813). We interpret these data as an additive interaction , suggesting that dvd1 functions independently of bif2 .
DISCUSSION
We have identifi ed and characterized a novel maize mutant with defects in both vegetative and reproductive development. We show using SEM analysis that Dvd1 mutants produce fewer branches, spikelets, fl orets, and fl oral organs due to defects in the production of axillary meristems in the infl orescence. SEM analysis also shows that the leaves visible in the infl orescence of Dvd1 mutants are due to the outgrowth of bract leaf primordia, which are normally suppressed. In addition, Dvd1 mutants have defects during vegetative development due to shortened internodes. Genetic interaction studies with tb1 further illustrate the function of Dvd1 in axillary meristems during vegetative development. Therefore, we have identifi ed a novel player in the regulation of axillary meristem, bract leaf, and internode development, illustrating that all three aspects of phytomer development are under common genetic control.
Role of dvd1 in axillary meristem development -Dvd1 mutants are most similar to the barren class of mutants in maize, which have defects in axillary meristem initiation during vegetative and infl orescence development. The infl orescence defects of Dvd1 mutants such as fewer branches, spikelets, fl orets, and fl oral organs are also seen in Bif1 , bif2 , ba1 , and spi1 mutants ( McSteen and Hake, 2001 ; Ritter et al., 2002 ; Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ) . Single spikelets and fewer organs at the center of the fl oret, which are observed in Dvd1 mutants, are also characteristic of the barren class of mutants. During ear development, fewer ear shoots and fewer kernels in the ear are seen in the barren mutants; in particular, ba1 mutants never produce an ear shoot ( Ritter et al., 2002 ) , which is similar to the effects of the Dvd1 mutation in B73. Dvd1 mutants produce aborted SPMs as also seen when normal plants are treated with auxin transport inhibitors . Furthermore, in double mutant combinations between Dvd1 and tb1 , Dvd1 mutants have defects in vegetative axillary meristems. The magnitude of the effect of Dvd1 on tiller outgrowth is very similar to the effect of bif2 and ba1 double mutant combinations with tb1 ( Ritter et al., 2002 ; McSteen et al., 2007 ) . Thus, Dvd1 is a new member of the barren class of mutants.
The barren mutants all have defects in auxin biosynthesis, transport, or response Wu and McSteen, 2007 ; Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a, b ; Skirpan et al., 2008 ) . A key difference between the mutants that are defective in auxin transport or biosynthesis ( Bif1 , bif2 , and spi1 ) and the ba1 mutant, is the phenotype of the infl orescence rachis. In ba1 mutants, bract primordia are produced with normal phyllotaxy resulting in the production of regular bumps along the surface of the infl orescence rachis ( Ritter et al., 2002 ) . On the other hand, in Bif1 , bif2 , and spi1 mutants, bract primordia are not visible in a regular pattern on the surface of the infl orescence rachis, resulting in a smooth or ridged infl orescence rachis ( McSteen and Hake, 2001 ; Barazesh and McSteen, 2008 ;  phenotype ( Doebley et al., 1997 ; Hubbard et al., 2002 ) . In Dvd1; tb1 double mutants, we observed a severe reduction in overall tiller number ( Fig. 7A ) . Genotyping individuals for tb1 revealed that Dvd1 often completely suppressed the tb1 phenotype. Quantifi cation of tiller number confi rmed a statistically signifi cant reduction of tiller number in both Dvd1/+; tb1/tb1 and Dvd1/Dvd1; tb1/tb1 double mutants compared to tb1/tb1 single mutants ( Fig. 7B , Primary tiller number t = 7.39, df = 9, P < 0.001 and t = 7.0, df = 2, P = 0.02). Thus, Dvd1 also plays a role in axillary meristem formation during vegetative development.
Dvd1 and bif2 exhibit an additive genetic interaction -Double mutant combinations of bif2 with some of the other barren mutants have synergistic effects that further illustrate the roles of these genes in vegetative development ( Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ) . For example, Bif1 and spi1 , which regulate auxin transport and biosynthesis respectively, produce extremely dwarf plants in combination with bif2 ( Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ) . To test whether Dvd1 had a similar interaction with bif2 , we constructed double mutants. Tassels of the bif2 mutant have similarities to those of Dvd1 including fewer branches, spikelets, fl orets, and fl oral organs ( Fig. 8A ) . Dvd1 / Dvd1; bif2/bif2 double mutants produced barren tassels with no lateral branches, no spikelets, and a few bract leaves ( Fig. 8A ) . Quantifi cation revealed that the number of spikelets was not signifi cantly different from Dvd1/Dvd1 ( Fig. 8B , t = − 0.18, df = 4, P = 0.868), but The compensatory relationship between the axillary meristem and the subtending bract leaf is also seen in the maize infl orescence as demonstrated by the ba1 mutant which has defects in axillary meristem initiation and larger than normal bract primordia ( Ritter et al., 2002 ) . However, Dvd1 mutants are distinct from ba1 mutants because bract primordia do not grow out to produce bract leaves in ba1 mutants. The suppression of bract leaves in maize is controlled by the tasselsheath1 ( tsh1 ) gene ( McSteen and Hake, 2001 ). The tsh1 mutants have elongated bract leaves subtending the branches and the spikelet pairs at the base of the tassel ( McSteen and Hake, 2001 ). The ba1; tsh1 double mutants produce a ba1 tassel with bract leaves (P. McSteen, unpublished results), indicating that tsh1 suppresses bract leaf outgrowth in ba1 mutants. We propose that the differences between the Dvd1 and ba1 mutant phenotypes can be explained by the expression of tsh1 in ba1 but not in Dvd1 , which could be tested after tsh1 is cloned. A further indication that the Dvd1 mutant is different from ba1 is that ba1 has an epistatic interaction with bif2 , while Dvd1 has an additive interaction with bif2 . Therefore, Dvd1 represents a distinct type of barren mutant.
Role of dvd1 in germ orientation -The Dvd1 mutant was originally isolated based on the rgo phenotype in the ear. An rgo phenotype can develop in one of three ways, which can be explained by defects in the development of fl orets. Normally, the spikelet produces two fl orets, an upper and a lower fl oret. Due to the alternate phyllotaxis of fl oret initiation, these fl orets are mirror images of each other. In the ear, the lower fl oret aborts, leaving only the upper fl oret ( Cheng et al., 1983 ) . Analysis of rgo1 mutants in maize showed that an rgo phenotype can occur due to the production of three fl orets ( Kaplinsky and Freeling, 2003 ) . In this case, the lower two fl orets abort, leaving the third fl oret in an inverse orientation compared to normal so that when the ovary is pollinated, the embryo (germ) forms on the opposite face of the endosperm ( Kaplinsky and Freeling, 2003 ) . Another way of obtaining an rgo phenotype is through the production of single fl orets. If only the lower fl oret forms and it does not abort, then the germ would be in an inverse Gallavotti et al., 2008a ; Skirpan et al., 2008 ) . The interpretation of the Bif1 , bif2 , and spi1 infl orescence rachis phenotype is that phyllotaxy is abolished due to the defects in auxin biosynthesis and transport, resulting in auxin being unavailable to specify the position of the bract primordia ( Reinhardt et al., 2003 ; Skirpan et al., 2008 ) . The interpretation of the ba1 bract phenotype is that auxin transport is normal during the initiation of bract primordia, and subsequently, there are defects in the initiation of SPMs in the axils of bract primordia ( Gallavotti et al., 2008b ; Skirpan et al., 2008 ) . In this paper, SEM analysis shows that homozygous Dvd1 mutants differ from Bif1 , bif2 , and spi1 mutants and instead, are more similar to ba1 mutants because bract primordia are produced with regular phyllotaxy along the surface of the infl orescence.
Another mechanism to distinguish the barren mutants from each other is through their genetic interaction with bif2 . The Bif1 and spi1 mutants have a synergistic interaction with bif2, while ba1; bif2 double mutants resemble bif2 ( Barazesh and McSteen, 2008 ; Gallavotti et al., 2008a ; Skirpan et al., 2008 ) . Double mutants between Dvd1 and bif2 do not have synergistic defects and instead appear to be somewhat additive. The genetic interaction of Dvd1 with bif2 suggests that the Dvd1 mutant does not have general defects in auxin transport or biosynthesis as do Bif1 and spi1 mutants .
Role of dvd1 in bract leaf outgrowth -The compensatory relationship between the axillary meristem and the subtending leaf has long been recognized ( Steeves and Sussex, 1989 ) . For example, during vegetative development, the leaf is large and the axillary meristem is suppressed, while during fl oral development, the axillary meristem is large and the subtending bract leaf is suppressed ( Steeves and Sussex, 1989 ; Long and Barton, 2000 ) . The compensatory relationship between the axillary meristem and the subtending bract leaf was experimentally demonstrated in Arabidopsis by expressing diphtheria toxin under the control of the leafy ( lfy ) promoter, which is expressed in fl oral meristems ( Nilsson et al., 1998 ) . Ablation of fl oral meristems in these plants resulted in the outgrowth of bract leaves. encodes an ABC transporter protein that functions in regulating auxin transport. The roughsheath2 ( rs2) and semaphore ( sem) mutants in maize also have short internodes and reduced polar auxin transport ( Schneeberger et al., 1998 ; Tsiantis et al., 1999 ; Scanlon et al., 2002 ) . Furthermore, treatment of maize plants with auxin transport inhibitors causes dwarfi sm ( Tsiantis et al., 1999 ) . Mutants with short internodes and defects in auxin transport have also been seen in Arabidopsis ( Gil et al., 2001 ; Geisler et al., 2003 ) . Because auxin is known to control cell expansion ( Jones et al., 1998 ; Christian et al., 2006 ) , some of these cases have been shown to be caused by reduced cell elongation ( Multani et al., 2003 ) . However, auxin also plays a role in regulating cell division ( del Pozo et al., 2005 ; Li et al., 2005 ; Vanneste et al., 2005 ; Hartig and Beck, 2006 ; David et al., 2007 ) . We speculate that many of the defects in Dvd1 mutants could be explained by the dvd1 gene functioning in auxinmediated cell proliferation.
Conclusions -Dvd1 mutants have pleiotropic defects in phytomers produced during both vegetative and reproductive orientation compared to normal. This phenotype is seen in Bif1 and bif2 mutants (P. McSteen, unpublished results). A third mechanism of obtaining an rgo phenotype is through changes in fl oral symmetry. If the fl oret is twisted compared to normal or if the axis of adaxial -abaxial symmetry is not set up correctly, as in the wandering carpel mutant of maize, then an rgo phenotype could form ( Irish et al., 2003 ) . Because Dvd1 mutants have fewer fl orets than normal, the rgo phenotype in Dvd1 is probably caused by the production of single fl orets.
Role of dvd1 in internode development -Dvd1 plants are semidwarf due to the production of shorter internodes. Because the cells in mutant internodes are signifi cantly larger than normal, we infer that the defect in Dvd1 is caused by reduced cell proliferation and that the cells expand to compensate for the reduction. Many examples of reduced cell proliferation have been shown to result in compensatory increases in cell expansion ( Haber and Foard, 1964 ; Hemerly et al., 1995 ; Doonan, 2000 ; Shpak et al., 2004 ) .
Mutants with defects in various hormone pathways cause plants to be shorter than normal due to a reduction in the size of the internodes. Dwarf mutants in rice and wheat are caused by defects in gibberellic acid (GA) or brassinosteroid pathways ( Hedden, 2003 ; Morinaka et al., 2006 ) . However, short internodes in these mutants are caused by reduced cell elongation in contrast to Dvd1 mutants, which have larger cells. Furthermore, Dvd1 does not have other characteristics of GA-or brassinosteroid-insensitive mutants, indicating that dvd1 is unlikely to be involved in GA or brassinosteroid hormone pathways.
Multiple mutants have been identifi ed that are dwarf due to reduced auxin transport. The brachytic2 ( br2 ) mutants in maize and dwarf3 mutants in sorghum are semidwarf due to the reduced length of internodes ( Multani et al., 2003 ) . The br2 gene initiation. Furthermore, Dvd1 mutants have defects in internode development. The Dvd1 mutant illustrates that axillary meristem and internode development are under common genetic control.
Interestingly, selection on both axillary meristem activity and internode length has been instrumental in the domestication of crop plants. For example, vegetative axillary meristems were suppressed during the domestication of maize leading to a single axis of growth compared to its wild relative teosinte, which is bushy ( Doebley et al., 1997 ) . Furthermore, selection of semidwarf varieties of wheat, sorghum, and rice has been critical to reduce lodging (falling over) and increase yield, which led to the " green revolution " in agriculture ( Hedden, 2003 ; Multani et al., 2003 ; Morinaka et al., 2006 ) . These examples illustrate the importance of understanding the regulation of axillary meristem and internode development for agriculture and for plant morphology in general.
Because Dvd1 is a dominant mutant, it could be either a loss or a gain of function mutation, so the dvd1 gene may be either a positive or a negative regulator of axillary meristem and internode development. We have mapped Dvd1 to two BAC contigs on chromosome 5. Positional cloning of the locus will clarify the mechanism by which the dvd1 gene plays such an important role in vegetative and reproductive development.
development. There are differences in the severity of the defects in two different genetic backgrounds, B73 and Mo17, implying that there are other genetic factors infl uencing the phenotype, which would be interesting to pursue in the future. The defects in axillary meristem initiation and outgrowth indicate that Dvd1 plays an important role in axillary meristems during both vegetative and reproductive development. The defect in bract leaf outgrowth is likely an indirect effect of the lack of axillary meristem 
